I. INTRODUCTION
Mechanical manipulation and characterization of biological cells is currently one of the promising research areas in the field of medical robotics applied to cellular level interactions. The mechanical properties such as elasticity, membrane tension, cell shape, and adhesion strength may play an important role in the cell fate and differentiation [1] . Embryonic stem cells (mESCs) can give rise to every cell type in the body unlike adult stem cells and thus have huge therapeutic potential. Stem cell based systems offer a very promising and innovative alternative for obtaining large number of cells for early efficacy and higher toxicity screening. Stem cell technology provides a new tool for drug development and an insight to better understand mammalian gene function. The mechanical properties of biological cells have been studied with different techniques [2] , the most popular are optical tweezers [3] , magnetic beads [4] , and micropipette aspiration [5] . AFM has been widely used in the study of micro-and nanostructures including living cells [6] . Modern AFM techniques allow solving a number of problems of cell biomechanics by simultaneous evaluation of the local mechanical properties and the topography of the living cells, at a high spatial resolution and force sensitivity [7] . In these experiments AFM cantilever serves as a microindenter to probe the cell, and further analysis of force-indentation data yields the local Young's modulus. In addition, AFM indentation technique can be used to characterize the viscoelastic behavior of the cell cytoskeleton [8] , including viscosity [9] , loss and storage moduli [10] , and stress relaxation times. AFM-based indentation techniques with force feedback have been applied here to characterize single-cell mouse embryonic stem cells (mESCs) [11] . We developed finite element models that include the topological information of adherent stem cells (shape and dimensions) and AFM tips (conical, spherical), and biological structure (cells models with cytoplasm layers, cytoskeletons and nucleus) [12] . The proposed indentation tests use microsphere-modified AFM probes in order to estimate global elastic modulus for the cell to reflect the true global response of a mESCs [12] . The paper consists of five sections. In Section II, we present the bio-mechanical finite element model in real-time indentation. In Section III, we present the methodology of the virtual environment system for cell indentation. In Section IV, we present the experimental setup using the force microscopy. In Section V, we make a comparative study between the physicsbased model and experimental data. In Section VI, we present our real-time cell indentation simulator using a spherical tip. Finally, we give some concluding remarks and the directions for future work.
II. PHYSICALLY BASED MODELING OF DEFORMABLE OBJECTS FOR CELL NANOINDENTATION SIMULATION
In this section we present different steps for the linear elastic mass-tensor model introduced by [13] and extended by the authors in [14] . In our work, the cell is modeled by the volume object discretized into a conformal tetrahedral mesh as defined by finite element theory. Using classical notations, inside each tetrahedron T k , the displacement field, defined by a linear interpolation N k of the nodal displacement vector u k of the four vertices of tetrahedron, is written as follows:
For a linear elastic material, the relation between the Cauchy stress tensor and the linearized strain tensor is written with Lame's coefficient in condensed vector notation as : where I is the identity matrix. The principle of virtual work applied to a single tetrahadron T k leads to the elementary stiffness matrix K k such that the elementary nodal force vector acting on a tetrahedron is:
This stiffness matrix is composed of a plurality of elementary submatrices each connecting the elementary force acting on the node, i, to the displacement of the node, j:
where m are unit outward-pointing normals to triangular faces and V k is the volume of the tetrahedron T k . Taking into account the contribution of all adjacent tetrahedra, the global internal force acting on a node l can be expressed as follows:
where V l is the neighborhood of vertex l (i.e. the tetrahedra containing node l). The tensors K k ij , depending on the rest geometry and Lame's coefficients, are constant. They can be pre-computed in an off-line phase. It's the essential advantage of the mass-tensor approach which makes it useful for real-time application.
A. Cell modeling using finite element model
In our work, the mESC is meshed with 3D first-order tetrahedral elements as shown in Fig.1 . The mesh that has been used for the following simulations is constituted by a non regular volume mesh composed of 835 vertices and 2456 tetrahedra where all vertices are free to move except the ones in contact with the petridish which are fixed.
B. Dynamic Model
The equation of motion of a vertex, l, of the cell mesh can be written:
(6) where M l and γ l are respectively the mass and damping coefficients of each vertex. To solve the dynamic system, we tested different integration schemes (implicit and explicit) taking into account the tradeoff between real-time simulation and haptic stability requirements. We choose the explicit centered finite-difference scheme defined by: Computational architecture for simulating force-reflecting deformable cell indentation in virtual environment. The figure shows the two simulation phases used for the real-time indentation of the cell: (i) off-line pre-calculations of stiffness matrices and (ii) simulation of visual and haptic interaction. Fig.2 shows the architecture of the real-time virtual reality based cell indentation simulator. A significant difficulty of using the finite element technique for real-time simulation is that it is computationally costly. These mesh-based schemes also require an expensive numerical integration operation for the computation of the system stiffness matrices. For this reason we adopted an off-line computation of entries of stiffness matrix for each triangular element and a real-time visual and haptic interaction for indentation simulation.
A. Off-line computation
All the operations costly in time are realized during this step. Using atomic force microscopy (AFM) image analysis (ImagePro software from AFM Asylum), the mechanical and geometrical properties of the cell structure are determined through AFM indentation experiments and validated using analytical Hertz contact modeling. The off-line calculation of all tensors K ij allows pre-calculation stiffness values for a wide range of cell deformations.
B. Real-time Indentation
During the indentation task, the contact between the tip and the cell must occur at a special set of points (nodal points). 
1) Collision Detection:
The collision detection is the first step to carry out realistic interactions. However, locating the contact primitive (e.g. facets) between two objects may be computationally expensive, especially if the objects are composed of a large number of polygons. In general, to determine a contact between two virtual objects we compute the distance between them. If this distance is negative then the objects are in contact. The cantilever tip in virtual environment can be modeled as a complex 3D object, composed of numerous surfaces, edges and vertices but it constitutes a challenging task. For the purposes of detecting collisions, we used a point-based representation of the cantilever tip as a simple spherical object and employed a simple spherepoints intersection algorithm with local search technique (See Fig. 3) . It calculates the distance between the center of the spherical tip and the nodes of the cell surface (see Fig. 4 ). Fig. 4 . Scheme illustrating the multiple collision detection algorithm using a simple sphere-points intersection problem: the distance between the center of the spherical tip and the nodes of the cell surface is calculated in real-time.
2) Penalty based models:
In an interaction model, a collision between two objects may generate local and global deformations of the colliding objects. In our simulations we used the penalty based models. This model considers the reactive force that first reduces the relative speed of the two objects and finally repulses them from each other, as proportional to the deformation. Thus the reactive force is a function of the local interpenetration depth δ. The normal repulsive force F rep , can be written:
where λ is the penalty of the interpenetration and n the outward-pointing normal.
3) Virtual coupling for stability of the haptic rendering:
The internal operating loop of the haptic interface requires an update frequency neighboring of 1KHz. However, the finite element model update frequency between the 25 and 30Hz. This frequency difference does not ensure the coherence between both systems leading to instabilities of the user haptic rendering. We adopted the solution to use a virtual coupling model defined in [19] .
IV. EXPERIMENTAL SETUP

A. Description
The experimental tests of the cells indentations were performed using an atomic force microscope (Model: MFP-3D-BIO, Asylum Research, Santa Barbara, CA). The atomic force microscope (AFM) is integrated with a top view module and mounted on an active vibration isolation table manufactured by Herzan (Laguna Hills, CA) as shown in Fig. 5 . The top view module enables viewing of cells and easy alignment of the laser beam on the AFM cantilever. The XY stage (manual) allows the user to position the cell beneath the cantilever tip of AFM. The entire AFM set up is enclosed in an acoustic isolation chamber to prevent acoustic noise from interfering with the AFM measurements. The xand y-axes range of the scan head is 90µm. The z-axis scan range is 40µm. The deflection of the cantilever is detected by a photodiode when the tip comes in contact with the cell. When the tip of the cantilever is in contact with the cell, the initial cantilever deflection, (d 0 ), and initial cantilever movement in (z) direction (z 0 ) are stored. As the cantilever moves in the z direction and deforms the cell, the final cantilever deflection, (d 1 ), and the cantilever movement, (z 1 ) are obtained [17] . The geometry and spring constant of the cantilever are calibrated in the same way for the live and fixed cells. In the following experiments, we employed two types of cantilevers attached with a spherical probe (5 µm in diameter):
• Silicon nitride cantilever with a spring constant of 0.06 N/m (Novascan Technologies, Inc., Ames,IA) for live cells.
• Silicon cantilever with a spring constant of 1.75 N/m (Novascan Technologies, Inc) for fixed cells.
V. M OUSE EMBRYONIC STEM CELLS CHARACTERIZATION
A. Geometry of the cell and cantilever interaction with the surface
The cells were 10 and 15 µm in diameter using the cantilever tip to measure the interaction force between the cell and the tip. The geometric modeling of the cell requires the determination of the height, adhesion surface and cell's contour (see Fig.6 ). The mESC height was calculated from the force-displacement curve obtained on: hard surface and on mESC surface. First, initial height h 0 is measured by bringing the AFM tip in contact with the hard surface near mESC and then the second height h 1 by bringing the AFM tip on mESC surface. The mESC height is the difference between h = h 0 −h 1 . Second, to determine mESC shape, AFM imaging experiments are carried out in order to determine mESC's contour and diameter using the image processing techniques [15] . From Fig.6 we selected mESC 
B. Comparison between experimental data and analytical models
To estimate the mechanical properties of biological cells using the AFM, various analytical models can be used to identify Young's modulus of mESC in live as well as fixed cells. We performed single indentation studies with a spher- ical tip on mESC. The main goal is to determine whether it appropriately predicts the force-indentation relationship of mESC [15] . The figure Fig.7 shows the force versus cell indentation for live and fixed undiff mESC using the Hertz model. The relationship between the indentation δ, and the loading force F is given by:
where E * , R are the combined modulus and the relative curvature of the tip and the cell respectively 
where (E 1 , ν 1 , R 1 ) and (E 2 , ν 2 , R 2 ) represent the elastic Fig. 8 . Real-time indentation simulator using the Omni haptic interface.
modulus, Poisson's ratio, and the radius of the cell and spherical indenter respectively. The elastic modulus of the silicon nitride cantilever and silicon cantilever were 222.22 GPa and 168.17 GPa used for the live and fixed cells respectively. The elastic modulus of the cells is in range of KPa. Hence, our assumption that the tip used for probing is infinitely stiff compared to the cell and Hertz contact model is valid. Thus, Eq. 9 can be rewritten as:
VI. FINITE ELEMENT MODEL (FEM) SIMULATION OF CELL INDENTATION
The Fig.8 presents a photo of visual and haptic user interface setup. To test the accuracy and reliability of the proposed user interface system with haptics enabled simulation, a set of experiments is designed using the setup given in Section 2. The geometrical dimensions of the cell are determined through AFM image processing and force curve deflection (diameter and height) and the mechanical properties through AFM indentation studies thanks to the use of an analytical Hertz contact model.
In order to demonstrate the validity of our finite element indentation model in real-time, we compared the simulation indentation using the physically-based FEM model to the incremental data provided by AFM indentation tool and to the response simulated with a commercial FE software. The figures (Fig.9, Fig.10 ) present the nonlinear relationship between the penetration distance (indentation) and the reaction force for live and fixed undiff cells. The finite element simulations using the commercial software show good agreement with both Hertz contact model and experimental indentation data. In order to improve the force feedback rendering, we added a visual metaphor on the computer screen. The rendered reflection force is represented by a cone representing the force vector acting on the AFM tip. The visual metaphor has efficiently proved its effectiveness in AFM-based nanomanipulation simulation [18] . The vector amplitude reflects the force feedback amplitude and the vector orientation represents the vertical/horizontal force components. The fig.11 shows 3-D real-time probe tip, zoomed cell indentation, and microforces. The indentation force rendered to the operator is composed of a vertical F z and horizontal F x component. For the specific case corresponding to the center indentation, the tangential component is very small F x ≃ 0. Only vertical reflection force is provided to the user. He cannot haptically feel it during simulated indentation tests (see fig.12 .(a) and fig.13.(a) ). In the case where the AFM probe is pushed away from the center of the cell, the tangential component exists F x =0and the reflection force rendered to the user contains a vertical and tangential component (see fig.12 .(b) and fig.13.(b) ). We did not reproduce this specific case in our results since the main interest of the paper is to prove experimentally the real-time explicit simulator results during centered cell indentations.
VII. CONCLUSIONS
We have developed a computer-based training system to simulate real-time cell indentation procedures in virtual environments for training biologists residents. The simulator provides the user with visual and haptic feedback. The simulation of this procedure involves the real-time rendering of computer generated graphical images of AFM tip, physically-based modeling of soft biological tissue, and display of touch and force sensations to the training through the simulation of haptic interactions. We first investigated the challenging issues in the real-time modeling of the biomechanical properties of the cell indentation through finite element models. Compared to experimental AFM indentation results performed on mESC. Currently, we are working on integrating nanoscale effects such as friction, viscosity, punction. All modalities will be merged in an ergonomic tool and intelligent biological simulator for stem cell characterization.
